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Abstract

Owing to their high surface-to-volume ratio, there has been an increasing research interest in mixed ionic–electronic conducting

(MIEC) capillary membranes for large-scale high temperature oxygen separation applications. They offer an energy-efficient solution for

high temperature combustion processes in oxy-fuel and pre-combustion CO2 capture technologies used in fossil fuel power plants.

In order to assess the effectiveness of these membranes in power plant applications, the impact of the geometry of Ba0.5Sr0.5Co0.8Fe0.2O3�d

(BSCF) capillaries on their performance in the three-end and four-end integration modes has been investigated and thoroughly discussed. The

model’s parameters were derived from four-end mode lab-scale experiments using gas-tight, macrovoid free and sulfur-free BSCF capillary

membranes that were prepared by a phase-inversion spinning technique. The results of this modeling study revealed that in the four-end mode

higher average oxygen fluxes and smaller total membrane areas can be obtained than in the three-end mode. This is due to the higher pO2

gradient across the membrane wall.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Mixed ionic–electronic conducting (MIEC) perovskite
membranes have been attracting significant research inter-
est in recent years due to their potential application in oxy-
fuel and pre-combustion CO2 capture routes in fossil fuel
power plants. Their capability to separate oxygen from air
within high temperature combustion processes, has the
potential to minimize the plant’s efficiency losses to around
2–8% points [1–6]. If they are gas-tight, such membranes
show 100% oxygen selectivity in the presence of an oxygen
partial pressure gradient and at high temperatures
(4700 1C) since only oxygen ions can travel through the
oxygen vacancies of the crystal lattice from the high pO2

side of the membrane to the low. At the same time,
electrons travel in the opposite direction through the
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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membrane to maintain charge neutrality, eliminating the
need for electrodes and external electrical circuits [7–11].
A standard fossil fuel power plant with oxy-fuel or
pre-combustion capture requires an oxygen flow rate of
�8000 t per day [1,5]. Therefore, in order for the MIEC
technology to be economically viable, both high oxygen
fluxes and high surface-to-volume ratios need to be obtained.
For power plant applications, an oxygen flux of 10 N ml
cm�2 min�1 is postulated, limiting the total required mem-
brane area to �38850 m2 [12,13]. In theory, the capillary and
hollow fiber geometry provide the largest membrane area in
relation to the volume of the membrane module, potentially
minimizing the required number of membranes in a module.
For large-scale gas separation applications, capillaries and
hollow fibers fulfill this requirement more adequately than
flat sheet and tubular membranes. However, most modeling
and design studies are performed with the latter type of
geometries [14–21]. There is little data in the literature on the
performance of MIEC capillaries and hollow fibers under
ll rights reserved.
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Nomenclature

J(O2)L local oxygen permeation flux (ml cm�2 min�1)
J(O2) average oxygen permeation flux

(ml cm�2 min�1)
Ci density of oxygen ions (m s�1)
Da ambipolar oxygen ion-electron hole diffusion

coefficient (m2 s�1)
D outer diameter of the capillary (mm)
d inner diameter of the capillary (mm)
pO2 oxygen partial pressure (Pa)
P1 oxygen partial pressure at the feed side (Pa)

P2 oxygen partial pressure at the permeate side
(Pa)

l length of the capillary (cm)
S effective membrane area of the capillary (m2)
Ro outer radius of the capillary (mm)
Rin inner radius of the capillary (mm)
dPT total pressure drop on the permeate side of the

capillary (Pa)
r density of the gas mixture (kg m�3)
V velocity of the gas mixture (m s�1)
f friction coefficient
Re Reynolds number

Fig. 1. Schematic drawing of a BSCF capillary in three-end mode (A) and

four-end operation mode (B).
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industrial working conditions. From a technological point of
view, MIEC membranes can be integrated with fossil fuel
power plants using a four-end or three-end integration mode
[22,23]. In the four-end integration mode, CO2 and H2O rich
flue gasses are typically used to sweep away the permeated
oxygen. In the three-end mode, the permeated pure oxygen is
drawn out by a vacuum pump, avoiding contact with the flue
gasses [1,5,6,22]. Ba0.5Sr0.5Co0.8Fe0.2O3�d (BSCF), which has
the potential to achieve the commercially interesting oxygen
flux of 10 N ml cm�1 min�1, is nowadays considered a first
generation material and potential candidate for operation in
a three-end design in oxy-fuel or precombustion processes,
because BSCF membranes can only operate in the presence
of an oxygen chemical potential gradient and at elevated
temperatures [1,5,18,22,24]. Its instability in high CO2 con-
centrations excludes the use of BSCF in the four-end
integration mode. The gradual transformation from the
cubic structure to the hexagonal, limits its use to tempera-
tures above 850 1C [23,25–28].

The work herein reports the results of modeling studies
to scope the impact of the geometry of MIEC capillaries
(outer and inner diameter, membrane length) on their
performance in both three-end and four-end modes with a
view to their integration in fossil power plant processes.
The model’s parameters were derived from lab-scale
experiments using gas-tight, macrovoid-free and sulfur-
free BSCF capillary membranes with an outer diameter of
�3.6 mm and a wall thickness of 0.4 mm prepared by a
phase-inversion spinning technique [29,30].

2. Experimental

2.1. Oxygen flux measurements through BSCF capillaries

under four-end lab-scale conditions

Oxygen permeation fluxes through gas-tight, macrovoid-
free and sulfur-free BSCF capillaries with a ca. 3.6 mm
outer diameter and 0.4 mm wall thickness were studied as a
function of temperature and argon (Ar) sweep gas flow
rate at 750–950 1C using the experimental setup described
in [29,31,32]. BSCF capillaries of about 3 cm in length were
hermetically sealed between two gas-tight YSZ tubes in the
hot zone of the furnace using high temperature glass so as
to ensure isothermal conditions. The shell side of the
capillary was fed with synthetic air (100 N ml min�1).
Argon, at a constant partial pressure of oxygen p(O2) of
5� 10�5 bar, was supplied to the core side of the capillary.
The oxygen partial pressure in the sweep gas stream was
measured by an electrochemical oxygen sensor attached to
the outlet of the YSZ tube, allowing for the calculation of
the average oxygen flux through the membrane. The flow
rates at the inlet and outlet of the system were compared in
order to confirm the gas-tightness of the glass seal.
2.2. Modeling assumptions

Fig. 1 is a sketch of a single MIEC capillary in the four-end
and three-end operation modes. In power plants, increasing
air compression and decreasing vacuum pressures, lead to an
increase in energy demand allowing for high oxygen fluxes.
In turn, the total membrane area required for oxygen
production decreases. For these processes to be industrially
viable they need to strike the right balance between total
membrane cost and minimizing the efficiency penalty in case
the membrane unit is integrated into a combustion power
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plant. With regards to the impact of turbo machinery on the
integration of MIEC membranes in the three-end and four-
end design and its potential for efficiency improvements,
further details can be found in the literature [1,5,22].

An operating temperature of 850 1C was chosen, based
on it being the minimum temperature at which the
transformation from the cubic phase to the hexagonal
phase of BSCF is prevented. The air feed pressure was set
to 15 bar (pO2=3.15 bar) which is comparable to the
pressure used in cryogenic air distillation [33], while a
low vacuum of 0.15 bar was used to keep the energy
consumption of the vacuum pump to a minimum [34]. In
the four-end mode, argon (total pressure¼1 bar, pO2¼

5� 10�5 bar) was used as sweep gas with the velocity of
the hot gas leaving the capillary (ArþO2) fixed at 25 m
s�1. Higher velocities may lead to resonances which are
detrimental to the membrane [33]. This same value was
used as the maximum gas velocity leaving the core side of
the capillary integrated in the three-end mode.

In formulating the mathematical models describing the
oxygen flux through the capillary membranes, the follow-
ing assumptions were made [35,36]:
�
 The mass transfer resistance of gaseous oxygen from the
gas stream to the membrane surface (high pO2 side) and
from the membrane surface to the gas stream (low pO2

side) are negligible. The pO2 values at the membrane
surfaces are therefore identical at the shell and core side.

�
 The ideal gas law is applied to describe gas behavior.

�
 Air composition and total air pressure along the outer

surface of the capillary membrane (feed side) are constant.

�
 The system operates under steady-state isothermal

conditions.

�
 Axial diffusion of gases is negligible.

As reported elsewhere, oxygen fluxes through 0.4 mm
thick sulfur-free BSCF capillaries with an outer diameter
of �3.5 mm measured at 850–950 1C under four-end lab-
scale conditions are found to be distinctly limited by bulk
diffusion [26]. Drawing on this, the oxygen flux through
the capillary membranes in both the three-end and four-
end operation modes was modeled applying bulk-diffusion
limitation.

2.3. Modeling of the oxygen permeation fluxes through

MIEC capillaries in four-end and three-end integration

2.3.1. Four-end integration mode

The local oxygen permeation flux j(O2)L limited by bulk
diffusion through a MIEC capillary can be described as
[36,37]:

j O2ð ÞL ¼
pCiDa

2ln D=d
� � ln P1

P2

� �
dl

dS
ð1Þ

where Ci is the density of oxygen ions, Da the ambipolar
oxygen ion–electron hole diffusion coefficient, D and d are
the outer and inner diameter of the capillary, P1 and P2 are
the oxygen partial pressures at the feed and permeate side
of the membrane, respectively, l is the length of the
capillary. The effective membrane area of the capillary,
S is:

S ¼
2p Ro�Rinð Þl

ln Ro=Rin

� � ð2Þ

with Ro and Rin being the outer and inner radius of the
capillary, respectively. Based on the assumptions made in
the model previously described [35,36], the total pressure
drop on the permeate side of the capillary dPT over an
infinitesimal length dl is given by:

dPT ¼
f rV 2

2d
dl ð3Þ

where r is the density of the gas mixture, V is the velocity
of the gas mixture, d is the inner diameter of the capillary
and f is the friction coefficient:

f ¼
64

Re
ð4Þ

where Re is the Reynolds number. Eq. (4) is valid if the gas
flow inside the capillary is laminar, which was the case for
all the performed permeation experiments. The local
oxygen partial pressure in the permeate side of the
capillary P2 can be expressed as [36]:

P2

PT

¼
NO2

NO2
þNAr

ð5Þ

where NO2
and NAr are the molar flow rates of the oxygen

permeated to the permeate side of the capillary and the
argon at the permeate side, respectively. Using Eq. (1), the
values of CiDa were calculated from the average p

0

O2
and

p
00

O2
values. The measured oxygen fluxes were obtained

from four-end lab-scale experiments at 750–950 1C (see
Section 2.1). The obtained CiDa value at 850 1C was then
used for the numerical integration of Eq. (1) which
required the capillary to be divided into 1000 equal
segments. f, r, v, NO2

, NAr, PT and p
00

O2
were calculated

for each segment and the average oxygen flux through the
capillary was calculated as:

j O2ð Þ ¼
NO2ðoutÞ

S
ð6Þ

where NO2ðoutÞ is the molar flow rate of oxygen at the outlet
of the permeate side of the capillary. The CiDa value at
850 1C reveals the impact of the outer and inner diameter
and total membrane length on the oxygen flux through a
capillary membrane operating under power plant conditions.
2.3.2. Three-end integration mode

As oxygen is the only gas leaving the core side of the
capillary in the three-end integration mode, the total
pressure drop on the permeate side of the capillary dPT



Table 1

Modeling results of the oxygen permeation for sulfur-free BSCF

capillaries.

T (1C) CiDa (10�7 mol cm�1 s�1)

950 3.4870.10

900 2.9270.09

850 2.4170.06

800 1.8170.08

750 1.1770.04
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over an infinitesimal length dl equals dP2:

dPT ¼
dP2 ¼ f rV 2

2d
dl ð7Þ

As in Section 2.3.1, Eqs. (1) and (2) were used to calculate
the local oxygen flux j(O2)L limited by bulk diffusion and
the effective membrane surface area dS over an infinitesimal
length dl. The numerical integration of equation Eq. (1) was
performed by dividing the capillary into 1000 equal seg-
ments and by calculating f, r, V and P2 for each segment.
The value of CiDa was obtained at 850 1C under four-end
lab-scale conditions. The average oxygen flux through the
capillary was calculated using Eq. (6), allowing us to assess
the impact of the capillary geometry on its performance
under power plant conditions.

3. Results and discussion

3.1. Modeling of the oxygen flux through sulfur-free BSCF

capillaries measured under lab-scale conditions

Fig. 2 plots both the measured and modeled oxygen flux
through a sulfur-free BSCF capillary against the argon
sweep gas flow rate for temperatures between 750 and
950 1C. The model, which is based on bulk-diffusion limita-
tion of the oxygen flux, shows generally good agreement with
the experimental values. The corresponding CiDa values are
listed in Table 1. However, at temperatures o850 1C, the
measured oxygen fluxes are found to be nearly independent
of the sweep gas flow rate (470 Nml min�1), indicating the
presence of surface exchange kinetics limitations.

The authors [30] found in a previous report that the
sulfur-free capillary membrane under investigation had an
activation energy of 60 kJ/mol at temperatures between
750 and 850 1C, whereas at temperatures between 850 and
950 1C an activation energy of 39 kJ/mol was obtained.
The latter energy is comparable to the activation energy of
pure bulk diffusion through the BSCF membrane[38–40].
These results correspond well with the modeling results
which indicate strong bulk diffusion limitation of the
Fig. 2. Typical dependency of the oxygen permeation flux through a

sulfur-free BSCF capillary on the Argon sweep gas flow rate at

temperatures between 750 and 950 1C (750 1C (*), 800 1C (O), 850 1C

(W), 900 1C (&) and 950 1C (B)) together with the values obtained by

the bulk diffusion limited model (solid lines).
oxygen flux at 850–950 1C. The CiDa value at 850 1C was
used to assess the impact of the geometry on the perfor-
mance of MIEC capillary membranes operating in the
four- or three-end mode under industrially relevant con-
ditions. This temperature was chosen due to it being the
lowest temperature at which surface exchange kinetics
limitations are no longer present.
3.2. Four-end integration of MIEC capillaries with a wall

thickness of 0.4 mm

3.2.1. MIEC capillaries with D=0.34 cm and d=0.26 cm

The variation along the membrane of the total pressure
PT, the oxygen partial pressure P2 and the total gas
velocity V through the core side of a capillary are
presented in Fig. 3 for different membrane lengths, along
with the variation of the local oxygen flux through the
membrane with an outer diameter (D) of 0.34 cm and an
inner diameter (d) of 0.26 cm.
The results show that the total pressure PT decreases

along the membrane (total pressure drop) and that this
drop increases with increasing membrane lengths. How-
ever, the drop is relatively small with a maximum value of
�3% for a membrane length of 60 cm. This indicates that
the P2 value in the core side of the capillary is mostly
determined by the oxygen flow rate through the membrane
at a certain dl and the oxygen flow rate upon entering the
dl (Eq. (5)). The increase in the total pressure drop with
increasing membrane lengths can be explained by the
substantial drop in total gas velocity according to Eq. (3)
(see Fig. 3B).
For all membrane lengths, the gas velocity leaving the

core side of the capillary was fixed at 25 m s�1 (Fig. 3B).
As the amount of oxygen produced in a capillary typically
increases with increasing membrane length, the velocity of
the sweep gas entering the core side of the capillary
decreases with increasing total membrane length until it
reaches a gas velocity of 25 m s�1 at the outlet of the core
side of the membrane (Fig. 3B). At a fixed position x inside
the membrane, the gas velocity decreases with increasing
total membrane lengths. Thus, the outflow speed of oxygen
decreases, increasing P2 and decreasing the local oxygen
flux. P2 values, gas velocities V and local oxygen fluxes for
fixed membrane positions of 1, 10 and 20 cm are shown in
Table 2 for different total membrane lengths. The changes



Fig. 3. Variation along the membrane of the total pressure PT (A), total gas velocity V (B) and oxygen partial pressure P2 (C) in the core side of a

capillary together with the variation of the local oxygen flux through the membrane (D) with outer diameter D¼0.34 cm and inner diameter d¼0.26 cm

for different membrane lengths (5 cm (solid black), 10 cm (solid gray), 20 cm (striped black), 40 cm (striped gray) and 60 cm (dotted black)).

Table 2

P2 values, gas velocities V and local oxygen fluxes for fixed membrane

positions x of 1, 10 and 20 cm for different total membrane lengths L.

L (cm) pO2 (Pa) V (m s�1) Flux (N ml cm�2 min�1)

x¼1

5 705 24.4 12.4

10 721 23.8 12.3

20 754 22.7 12.2

40 816 20.9 12.1

60 896 19.3 11.9

x¼10

10 4897 25.0 8.4

20 5088 23.9 8.4

40 5442 22.0 8.2

60 5809 20.4 8.1

x¼20

20 8625 25.0 7.3

40 9190 23.1 7.2

60 9773 21.4 7.0

Fig. 4. Calculated average oxygen flux (circles) through the capillary

membrane with D¼0.34 cm and d¼0.26 cm and the total number

(squares) of membranes needed to produce 8000 TPD of oxygen for

different total membrane lengths.
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in P2 and oxygen flux are more pronounced at positions
closer to the sweep side inlet due to the larger difference in
V with increasing total membrane length.

As can be seen from Fig. 3C, P2 typically increases along
the membrane at fixed total membrane lengths due to the
larger amount of oxygen in the core side of the capillary.
Higher P2 values are obtained for longer membranes due
to the larger amount of oxygen being permeated through
the membrane. Likewise, for fixed membrane positions x,
higher P2 values are obtained for greater total membrane
lengths due to the lower gas velocity at which the oxygen is
swept through the core side (Table 2). Thus, the local
oxygen flux decreases along the membrane due to a
lower pO2 gradient across the membrane wall (Fig. 4D).
For fixed membrane positions x and increasing total
membrane lengths, the larger the decrease in oxygen flux
is, the lower the V values and the higher the P2 values. This
decrease in oxygen flux is most pronounced close to the
sweep gas inlet (x¼1 cm) due to the extremely low amount
of oxygen in the sweep gas (5 Pa) (see Table 2).
The average oxygen flux through the capillary mem-

brane is shown in Fig. 4. As can be seen clearly, the oxygen
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flux decreases due to a lower pO2 gradient across the
membrane wall. As an example, for a membrane length of
40 cm, an average oxygen flux of 7.7 N ml cm�2 min�1

can be obtained at a fixed membrane thickness of 0.4 mm.
In order to be commercially viable, fluxes need to be larger
than 10 N ml cm�2 min�1 which can only be achieved by
membrane lengths r10 cm at this membrane thickness.

The total number of membranes needed to produce
8000 t of oxygen per day (TPD) for different total
membrane lengths is shown in Fig. 5 too. Due to the
higher oxygen flow rate leaving the membrane at longer
lengths, the total number of membranes typically decreases
with greater total membrane lengths. At the same time, the
required membrane surface area increases with increasing
total membrane length due to the lower average oxygen
flux. So, for a total membrane length of 40 cm a total
number of �13.5 million membranes or a membrane
surface area of �50500 m2 is needed to produce 8000 t
of oxygen per day. Around 41 million membranes or a
membrane surface area of �38400 m2 would be needed to
produce the same amount of oxygen using a membrane
length of only 10 cm.

3.2.2. MIEC capillaries with a fixed wall thickness of

0.4 mm and total membrane length of 30 cm

Fig. 5 shows the impact of decreasing outer and inner
diameters on PT, P2, V and the oxygen flux along the
membrane for a constant wall thickness of 0.4 mm and
total membrane length of 30 cm.

PT decreases along the membrane, but much more so
with smaller outer and inner diameters (Fig. 5A). This
decrease can be explained by the gas velocity profiles as
Fig. 5. Impact of decreasing outer and inner diameter (D0¼0.54 cm (solid blac

0.18 cm (dotted black) and 0.14 cm (dotted gray)), while retaining a constant w

V (B), P2 (C) and oxygen flux (D) along the membrane.
presented in Fig. 5B. The total flow rate leaving the
capillary decreases with decreasing inner diameters
because, as already noted, for each membrane the gas
velocity leaving the capillary is fixed at 25 m s�1. There-
fore, the sweep gas flow rate entering the capillary also
decreases with decreasing diameter, leading to lower sweep
gas velocities (Fig. 5B). Since DPT increases with the
increasing gas velocity and smaller inner diameters
(Eq. (3)), larger total pressure drops are obtained for
decreasing inner diameters. The lower gas velocities for
smaller inner diameters also lead to increasing P2 values
along the membrane for smaller inner diameters since
oxygen is swept away at lower velocities (Fig. 5C).
The faster stabilization of higher P2 values at smaller

inner diameters can be explained by a stronger decrease in
total pressure and an almost linear increase of the gas
velocity (and oxygen flow rate) (Eq. (5)). The increase in P2

values with decreasing inner diameter leads to lower local
oxygen fluxes with decreasing inner diameter due to the
lower pO2 gradient across the membrane (Fig. 5D). For a
fixed outer and inner diameter, P2 increases and the
oxygen flux decreases along the membrane due to an
increase of the oxygen content in the core side of the
capillary.

3.2.3. MIEC capillaries with a fixed wall thickness of

0.4 mm and different outer diameters

In Fig. 6A the average oxygen flux through the capillary
membranes is plotted against the total membrane length.
As stated before, for a fixed outer and inner diameter the
flux typically decreases with increasing length due to a
higher amount of oxygen in the core side of the capillary.
k), 0.44 cm (solid gray), 0.34 cm (stripped black), 0.24 cm (stripped gray),

all thickness of 0.4 mm and a total membrane length of 30 cm, on PT (A),



Fig. 6. Average oxygen flux (A) and the total number of membranes required to produce 8000 TPD of oxygen (B) at different total membrane lengths for

decreasing inner diameters and a constant wall thickness of 0.4 mm. (D0¼0.54 cm (solid black), 0.44 cm (solid gray), 0.34 cm (striped black), 0.24 cm

(striped gray), 0.18 cm (dotted black) and 0.14 cm (dotted gray)).

Fig. 7. Variation along the membrane of the total oxygen pressure P2 (A) and the oxygen velocity V in the core side of a capillary (B) with outer diameter

D¼0.34 cm and inner diameter d¼0.26 cm for different membrane lengths, [5 (solid black), 10 (solid gray), 20 (stripped black), 40 (stripped gray), 50

(dotted black) and 60 cm (dotted gray)] together with the variation of the local oxygen flux through the membrane (C).
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The average oxygen flux also decreases with decreasing
inner diameter due to the much higher P2 inside the
capillary caused by the lower sweep gas velocities. There-
fore, much higher oxygen flow rates are obtained from
capillaries with increasing inner diameters for fixed total
membrane lengths.

The total number of membranes needed to produce 8000
TPD of oxygen are shown in Fig. 6B. Typically, the
number of membranes decreases with greater total mem-
brane length (and higher oxygen flow rate) and increases
with smaller diameter for a fixed membrane length due to a
lower oxygen flow rate leaving the capillary. So, it is
questionable if using capillaries with smaller outer and
inner diameters is beneficial for a four-end mode integra-
tion because, although decreasing diameters allows for
higher surface to volume ratios, decreasing diameters
require more membranes due to the lower average
oxygen flux.

3.3. Three-end integration of MIEC capillaries with a wall

thickness of 0.4 mm

3.3.1. MIEC capillaries with D¼0.34 cm and d¼0.26 cm

The plots in Fig. 7 illustrate the variation of total oxygen
pressure P2 (pO2) and oxygen velocity V in the core side of
a capillary with outer diameter D¼0.34 cm and inner
diameter d¼0.26 cm for different membrane lengths,
together with the variation of the local oxygen flux
through the membrane.
The pO2 in the core side decreases along the membrane

length from the closed end side to the vacuum-pump side.
This drop is more significant at greater total membrane



Fig. 8. Average oxygen flux (circles) through the capillary membrane with

D¼0.34 cm and d¼0.26 cm and the total number (squares) of membranes

needed to produce 8000 TPD of oxygen for different total membrane

lengths.
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lengths (Fig. 7A). This decrease in pO2 can be explained by
the oxygen velocity profile along the membrane. For all
total membrane lengths at the closed end of the capillary,
the oxygen velocity is close to zero. However, at the vacuum
end, a certain amount of oxygen is pumped away creating
an oxygen flow rate. Therefore, at fixed membrane lengths,
the application of a vacuum at the open end of the capillary
leads to an increase in oxygen velocity (and thus oxygen
flow rate) along the membrane from the closed end towards
the end attached to the vacuum pump, This decreases the
pO2 in the core side of the capillary as that’s where oxygen
gets pumped out being pumped out at a far more rapid rate
(Fig. 7A,B). In this way, for a fixed total membrane length,
higher local oxygen fluxes are obtained closer to the vacuum
side due to decreasing pO2 (Fig. 7C). A larger increase of
pO2 and larger decrease in local oxygen flux towards the
closed end of the capillary is obtained at higher total
membrane lengths due to higher oxygen flow rate leaving
the capillary and hence larger decrease of the oxygen
velocity along the membrane towards the closed end (see
Fig. 7A–C). In Table 3, pO2 values, oxygen velocities V and
local oxygen fluxes for fixed membrane positions of 1, 10,
and 20 cm are shown for different total membrane lengths.
Since the oxygen velocity for a fixed membrane position x

and fixed applied vacuum decreases with increasing total
membrane length, a higher pO2 and lower local oxygen flux
is obtained with the slower evacuation of the oxygen out of
the core side of the capillary. Compared to the four-end
integration mode, the drops in pO2 and local oxygen flux
are much smaller, ensuring more stable membrane opera-
tion due to the much smaller difference in chemical expan-
sion along the capillary.

The average oxygen flux through the capillary membrane
is shown in Fig. 8. It barely decreases with increasing total
membrane length owing to the slightly higher pO2 values in
the core side of the capillary. Hence, an average oxygen flux
Table 3

pO2 Values, oxygen velocities V and local oxygen fluxes for fixed

membrane positions x of 1, 10, and 20 cm for different total membrane

lengths L.

L (cm) pO2 (Pa) V (m s�1) Flux (N ml cm�2 min�1)

x¼1

5 15014 0.504 6.24

10 15059 0.503 6.24

20 15235 0.498 6.21

40 15910 0.475 6.12

60 16946 0.449 6.00

x¼10

10 15001 5.03 6.25

20 15177 4.96 6.22

40 15856 4.68 6.13

60 15896 4.32 6.00

x¼20

20 15000 10.03 6.25

40 15689 9.47 6.15

60 16742 8.68 6.02
of 6.1–6.2 N ml cm�2 min�1 is obtained for total mem-
brane lengths between 5 and 50 cm. In contrast to the four-
end mode operation, no significant drop in oxygen flux
occurs with greater membrane length on account of the
much smaller drop in pO2. Note that for an outer diameter
of 0.34 cm and an inner diameter of 0.26 cm the total
membrane length is limited to 50 cm since at this length the
oxygen velocity leaving the core side is �25 m/s. For a
membrane length of 40 cm an average oxygen flux of
�6.2 N ml cm�2 min�1 is obtained which is �19% lower
than the flux obtained in the four-end mode.
The total number of membranes needed for the produc-

tion of 8000 TPD of oxygen is also shown in Fig. 8.
The total number of membranes typically decreases with
increasing membrane length due to the higher oxygen flow
rate. The required membrane surface, however, only
slightly increases with increasing membrane length due to
the limited decrease of the average oxygen flux (�0.1 N
ml cm�2 min�1). For a total membrane length of 40 cm, a
total membrane area of �63000 m2 is required to deliver
8000 TPD of oxygen, which is �25% higher compared to
the four-end integration mode.

3.3.2. MIEC capillaries with a fixed wall thickness of

0.4 mm and total membrane length of 30 cm

The impact of decreasing outer and inner diameters on
P2 (pO2), V and the oxygen flux along the membrane,
while retaining a constant wall thickness of 0.4 mm and a
total membrane length of 30 cm, are shown in Fig. 9.
The pO2 in the core side decreases from the closed end

side to the vacuum pump side along the membrane. This
decrease is more pronounced with smaller outer and inner
diameters (see Fig. 9A) which can be explained by the gas
velocity profiles presented in Fig. 9B. A higher oxygen
velocity leaving the capillary is obtained for capillaries
with smaller inner diameters according to Eq. (7). A
vacuum was applied to each of these membranes. As noted
above, the oxygen velocity at the core side decreases from
the vacuum end to the closed end reaching zero, increasing



Fig. 9. Impact of decreasing outer and inner diameter, while retaining a constant wall thickness of 0.4 mm and a total membrane length of 30 cm, on pO2 (A),

V (B) and oxygen flux (C) along the membrane. (D0¼0.54 cm (solid black), 0.44 cm (solid gray), 0.34 cm (striped black), 0.24 cm (striped gray), 0.18 cm (dotted

black) and 0.14 cm (dotted gray)).

Fig. 10. Average oxygen flux (A) and the total (in square meters) of membranes (B) required to produce 8000 TDP of oxygen (B) at different total

membrane lengths for decreasing inner diameters and a constant wall thickness of 0.4 mm. (D0¼0.54 cm (solid black), 0.44 cm (solid gray), 0.34 cm

(striped black), 0.24 cm (striped gray), 0.18 cm (dotted black) and 0.14 cm (dotted gray)).
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the pO2 and decreasing the local oxygen flux along the
membrane. In this way, largerer drops in oxygen velocity
from the vacuum end to the closed end are obtained for
capillaries with smaller inner diameters, leading to a larger
increase in pO2 and a larger decrease of the local oxygen
fluxes towards the closed end (Fig. 9B–C). With the
maximum allowable oxygen velocity leaving the capillary
being 25 m s�1, the maximum membrane length for an
inner diameter of 0.26, 0.16, 0.1 and 0.06 cm are respec-
tively 50, 30, 16 and 9 cm.

3.3.3. MIEC capillaries with a fixed wall thickness of

0.4 mm and different outer diameters

The average oxygen flux through the capillary mem-
branes for different total membrane lengths is shown in
Fig. 10A. As can be seen, the decrease of the oxygen flux
with the total membrane length is more pronounced at
smaller inner diameters due to the higher pO2 values in the
core side. However, compared to the four-end integration
mode, the drop in oxygen flux results in only slightly more
stable operation since large differences in chemical expan-
sion along the membrane are avoided for total membrane
lengths equal to or smaller than the maximum allowable
length. For a total membrane length of �10 cm and inner
diameter of 0.06 cm, an average oxygen flux of�5.9 N ml
cm�2 min�1 is obtained in the three-end mode, whereas a
flux of 6.9 N ml cm�2 min�1 is obtained in the four-end
mode. For a total membrane length of 10 cm and an inner
diameter of 0.26 cm, a flux of 6.2 N ml cm�2 min�1 is
obtained in the three-end mode and a flux of 10.1 N ml
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cm�2 min�1 in the four-end mode. Therefore, the differ-
ence in oxygen flux between the three-end and four-end
integration for similar length and diameter, decreases with
smaller inner diameter due to a big increase in pO2 for the
four-end mode and a slight increase in pO2 for the three-
end mode.

The total number of membranes needed to produce 8000
TPD of oxygen is shown in Fig. 10B. Typically, the total
number of membranes decreases with increasing mem-
brane length due to the higher oxygen flow rates leaving
the capillaries. Furthermore, the required membrane area
slightly increases with increasing membrane length and
with decreasing inner diameters due to a limited pO2 drop
in the core side. The total required membrane areas for a
total membrane length of �10 cm and an inner diameter
of 0.06 cm amounts to �66000 m2 for the three-end mode
and �56000 m2 for the four-end mode. On the other hand,
the required membrane area for a total membrane length
of �10 cm and an inner diameter of 0.26 cm equals
�62000 m2 for the three-end mode and �38000 m2 for
the four-end mode.

4. Conclusions

In the work described herein, the performance of BSCF
capillaries with a wall thickness of 0.4 mm was modeled
under power plant conditions for both a three-end and
four-end integration mode assuming bulk diffusion limita-
tion of the oxygen flux and using parameters of sulfur-free
BSCF capillaries derived from lab-scale experimental
values. The modeling revealed that, in the four-end mode,
higher average oxygen fluxes and smaller total membrane
areas are obtained compared to the three-end mode. This
is due to the higher pO2 gradient across the membrane
wall. However, the oxygen flux in the four-end mode
markedly decreases with increasing total membrane length
and decreasing inner diameters. This is due to the higher
level of pO2 in the core side of the capillaries, leading to
larger total membrane areas and an oxygen flow rate of
8000 TPD. In the three-end mode, these drops in pO2 are
much less significant for total membrane lengths equal or
smaller than the maximum permissible length which is
determined by a maximum gas velocity of 25 m s�1 leaving
the capillary. This leads to a much more stable operation
since large differences in chemical expansion along the
membrane are avoided. In the four-end mode the commer-
cially interesting oxygen flux of 10 N ml cm�2 min�1 could
only be obtained for a minimum inner diameter of 1.6 mm
even though membrane lengths that are suitable for
module design would require an inner diameter
44.6 mm. In the three-end mode, an average oxygen flux
of ca. 6 N ml cm�2 min�1 can be achieved while the total
membrane length of capillaries with inner diameters
r1 mm is restricted to below 16 cm. These results indicate
that, especially in the case of the three-end integration
mode, capillaries with dense wall thicknesses o0.4 mm
are necessary to achieve the desired oxygen flux of
10 N ml cm�2 min�1. Such membranes with improved
fluxes, consisting of a thin dense BSCF layer combined
with a porous BSCF support layer, have recently been
prepared by Han et al. [41].
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